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Abstract. At a cropland and a grassland site field scale am-1 Introduction

monia (NHs) emissions from slurry application were deter-

mined simultaneously by two approaches based on (i) eddyrhe growing demand for food and energy products has lead
covariance (EC) flux measurements using high temperaturéo highly intensified agriculture with increasing emissions
Chemical lonisation Mass Spectrometry (HT-CIMS) and on of nitrogen-containing compounds that pose environmental
(i) backward Lagrangian Stochastic (bLS) dispersion mod-risks. One of the particularly important trace gas species
elling using concentration measurements by three opticaln emissions associated with agriculture is ammonia {NH
open path Fourier Transform Infrared (FTIR) systems. Slurry(Aneja et al, 200§. This anthropogenic Niirelease con-
was spread on the fields in sequential tracks over a period dffibutes to a large extent to the harmful effects of high re-
one to two hours. In order to calculate field emissions, mea-active nitrogen loadsGalloway et al. 2003 Erisman et al.
sured EC/HT-CIMS fluxes were combined with flux footprint 2007). In central Europe, agricultural Ni-olatilisation ac-
analysis of individual slurry spreading tracks to parameterisecounts for more than 90% of the relead&ri¢man et al.

the NHs volatilisation with a bi-exponential time depen- 2008 Reis et al. 2009 and NH; emissions following or-
dence. Accordingly, track-resolved concentration footprintsganic livestock waste application on fields have been identi-
for the FTIR measurements were calculated using bLS. Afied to amount for roughly a third to half of the agricultural
consistency test with concentrations measured by impinger&Hs losses Reidy et al, 2008ab; EEA, 2009. A detailed
showed very low systematic deviations for the EC/HT-CIMS quantification of NH emissions with high accuracy is essen-
results 8 %) but larger deviations for the bLS/FTIR results. tial for a better knowledge about the factors controllingg\NH
For both slurry application events, the period during fertilisa- volatilisation after application of organic fertiliseEisman
tion and the subsequent two hours contributed by more tha@t al, 2008 Zhang et al.200§. Such measurements are vi-
80 % to the total field emissions. Averaged over the two meadal for the characterisation of the agricultural nitrogen budget
surement methods, the cumulated emissions of the first dagAmmann et al.2009 as well as to link emissions and mon-
amounted to 1% 3 % loss of applied total ammoniacal nitro- itoring, and hence to assess abatement strateBiesker
gen over the cropland and #63 % over the grassland field. et al, 2009 Erisman et al.2009.

In the literature, a very large range of Nibss factors re-
lated to the application of slurry to agricultural surfaces (as
percentage of the applied total ammoniacal nitrogen: TAN)
is found. It comprises values between 4 % to almost 100 %
(e.g.Pain et al. 1989 Braschkat et a].1997 Vandre et al.
1997 Géenermont et al1998 Menzi et al, 1998 Huijsmans
et al, 2001 Sggaard et 312002 Huijsmans et al.2003

Correspondence tal. Sintermann Misselbrook et al.2002 2005a Sanz et al. 201Q Spirig
BY (joerg.sintermann@art.admin.ch) et al, 201Q Uusi-Kamp and Mattila 2010. The strong
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stickiness of the polar NfFimolecule complicates measure- 2 Methods

ments of ambient Nkl concentrationsRarrish and Fehsen-

feld, 200Q von Bobrutzki et al. 2010 and consequently 2.1 Analytical techniques for NH; detection

fluxes. Varying instrumental performanc®lilford et al.,

2009 Sutton et al. 2009 and limited signal range of sen- 2.1.1 HT-CIMS

sors Spirig et al, 2010 introduce large uncertainties into

NH3 emission quantifications. The possibility for accurate The HT-CIMS, based on PTR-MSH@nsel et al. 1995

field scale assessments under common agricultural practiceindinger et al, 1998, is a chemical ionisation technique

is important for the validation of emission leveSgmmer  making use of electron transfer reactions to on-line ionise

et al, 2003 Spirig et al, 2010. Agricultural practice means continuously sampled gas with subsequent detection of se-

that the slurry spreading is not performed instantaneouslylected ion productsNorman et al. 2007, 2009. It oper-

but as a sequence of dispersals over a period of typically onates with positively charged oxygen instead of protonated

to several hours. Thus, the fertilised field does not represwater as a source for charge transfer. A detailed descrip-

sent a homogeneous area source forsNh addition, the  tion of the instrumental principles is given Bjorman et al.

emission rate of freshly applied slurry can show a fast de-(2007). In order to obtain a fast time responsel(s) for

crease $intermann et al2011). These spatial and temporal NH3 we employed the instrument in a modified way in-

inhomogeneity effects have to be considered when evaluateluding an adopted inlet scheme and a prototype drift tube

ing emission losses on the field scale. of reduced volume and altered materials, heated to®C80

In the present paper, we report on two experiments in Au-Measuring ambient Nglconcentrations and EC fluxes, the

gust 2009, devoted to quantify the field scaleq\dnissions  HT-CIMS sub-sampled gas at the downstream end of a 23 m

associated with spreading of slurry in high temporal resolu-1/2” PFA (OD) tube, heated to 15C and flushed with 100

tion. We present two methods to determine these emissionsSTP Iminr. The air intake was located 1 m above ground

The first is based on direct flux measurements by the eddyevel (ma.g.l.) adjacent to an ultrasonic anemometer (HS

covariance (EC) method using fast high temperature ChemResearch Anemometer, Gill Instruments Ltd, Lymington,

ical lonisation Mass Spectrometry (HT-CIMS) with a high UK) mounted at a height of 1.25ma.g.l. The operation of

temperature inlet lineSintermann et al.2011) in combi-  the instrument and the entire flux setup, along with analy-

nation with a detailed flux footprint attribution. The HT- ses confirming a sufficiently fast time response of the sys-

CIMS instrument derives from the common Proton Trans-tem for EC flux measurements are describedbytermann

fer Reaction-Mass Spectrometer (PTR-MS) and uses elecet al. (2017). The HT-CIMS was calibrated before every

tron transfer reactions for NfHionisation. The second ap- fertilisation against an Nglpermeation device (LN Indus-

proach uses open path line concentration measurements lisies, Geneva, Switzerland) equipped with a permeation tube

optical Fourier Transform Infrared (FTIR) systems in com- (VICI, Metronics Inc., Poulsbo, WA, USA). The permeation

bination with a backward Lagrangian Stochastic (bLS) dis-rate was determined with impingers.

persion model Elesch et al. 2009 for concentration foot-

print attribution. For NH flux measurements, the EC/HT- 2.1.2 FTIR

CIMS approach has the advantage that wall interaction are

minimised by strong heating of all surfaces and their impactWith the purpose to monitor the Nftoncentration profile

on the EC flux can be quantified. The bLS/FTIR method isdownwind of the slurry emissions, three open path FTIR sys-

based on inlet-free measurements and links the downwindems (K300, Kayser-Threde GmbH,iMchen, Germany) in

NH3 concentration to its source. The two methods have beeibi-static configuration were installed at three heights: 0.8, 1.8

applied simultaneously on two slurry spreading events, oneand 3.0ma.g.l. on 4 August 2009 and 0.8, 1.9 and 3.0ma.g.l.

on a cropland and the other on a grassland field in Oensinen 6 August 2009, respectively. Path integratedsbhcen-

gen, Switzerland. The results of both approaches are intertrations with a time resolution of about 2 min over lengths

compared and discussed in view of previous micrometeoroof 109m on 4 August and 58 m on 6 August were ob-

logical measurements at the site with a wet chemical gradientained. The FTIR measurements (eGfrtner et al. 2008

system Spirig et al, 2010. are based on interferometric analysis of infraredsNa-
sorption spectra using Fourier transformatibtiréchberger
2000. The specific configuration of the applied systems is
described in detail bieise et al(2001). The detecting units
were of MCT (Mercury Cadmium Telluride) and light source
was a GLOBAR (glowing bar, silicium carbide) operated at
1500°C, resulting in broad band infrared irradiation. The
systems were calibrated 2 weeks prior to the experiment.
This was done with a multi-reflection cell (white cell, Bas-
tian Feinmechanik, Wuppertal, Germany) using calibration
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Table 1. Impinger measurements; positions as displayed inFig.

position sample height sample time amount of sampled air 3 NH
[ma.g.l] [CET] [mole§  [pgn 3]
4 August 2009 @) 0.45/1.45 12:47-14:50 5.41/5.73  688/365
(@ 0.45/1.45 14:58-18:55 10.42/10.34 153/79
(b) 0.45/1.45 12:55-15:05 5.61/5.35  649/303
(b) 0.45/1.45 15:06-19:12 10.61/10.13 131/68
6 August 2009 (@) 0.45/1.45 10:15-12:30 6.02/5.72  660/320
(@) 0.45/1.45 12:35-16:15 9.82/9.23 141/52
(b) 0.45/1.45 10:17-12:37 6.18/6.00  728/261
(b) 0.45 14:23-16:35 5.83 82
(b) 1.45 12:38-16:35 10.15 29

gas (Messer, Griessheim, Germany). Concentration calcu(Gilair-5, Sensidyne, Florida, USA). In addition, sample air

lations were performed by the software CLSEVAU({ller,
2000. The detection limit for NH was about 15 pg r? and
the relative accuracy was estimated to better than 10 %.

2.1.3 Cavity ring-down spectroscopy

flow was calibrated prior to and after each experiment. The
impingers collected over periods of one to several hours.
They had been tested for breakthrough of NH the lab-
oratory and during the field campaign by applying two im-
pingers in series. The efficiency wa®99 %. A short (15cm)
1/4’ PFA inlet tube was added in front. Collected sam-

As with FTIR spectroscopy, cavity ring-down Spectroscopy e were immediately cooled t°@ and analysed off-line

utilis_es the IighF absorption (_JfNj-lnthe infrared, measuring within 3 days by means of ion-chromatography. The device
the ring-down t|m§ of a multiple reflecteq laser puIBel(de_n was calibrated using liquid N;Hstandards. Sampling peri-

e,t al, 2000. The mstrument @1103; .F_>|carro Inc., .Cal|for- ods, heights and sampled air volumes are shown in Thble
nia, USA) was housed in an air-conditioned container samy,geq on in-field side-by-side measurements and the preci-

pling ambient air at 5Sma.g.l. A 9.5m long 1/0D PFA i, o the Jaboratory calibration of the ion-chromatograph,
inlet tube was provided with a PTFE membrane filter (SUMy,e \ncertainty of the impinger derived Nidoncentrations
pore size; Whatman Ltd, Maidstone, UK) and the INStru- < estimated to be 3 %.

ment sampled at a flow rate of 0.5STP Imin The anal-
yser was run continuously during the experimental period to : .
monitor NHz background levels recording data in 3 s inter- 22 Field experiment

vals. In field measurements, a setup including a comparable , i )
instrument had an effective time resolution of roughly 5 to | "€ experiments were condu/cted at an agricultural site
10 min on Bobrutzki et al.2010. In the present study, the (I0ngitude P44°E, latitude 4717 N, elevation 450ma.s..)
recorded NH concentration were averaged over 10 min. The close 'Fo the town of Oens_,lngen, I_ocated m_the central lowland
instrument was calibrated before each fertilisation against th&f SWitzerland. Two adjacent fields cultivated as cropland
same permeation source as used for the HT-CIMS gas-pha .heat) and |nter1§|vely _ma,”aged grassland (grass-clover
calibrations Sintermann et al2011). The relative accuracy m|xtu.re) were fertilised with 'Iqu|d cattle glurry. The grass-
was 10%. In a side-by-side field intercomparison with the |2nd iS one of the level 3 sites of the NitroEurope project

HT-CIMS under background conditions, absolute deviations(WWW-nitroeurope.eliand Ni concentrations as well as ex-
were generally below 2 pgm. change patterns had been investigated here previohsly (

man et al. 2009 Spirig et al, 201Q Wolff et al.,, 201Q
Flechard et a).201Q 2011). The climate is temperate con-
tinental with mean annual temperature and rainfall ofP€.5
For comparison, NEl concentrations over the fields were and 1200 mm, respectively. The soil is classified as Eutri-
recorded with wet chemical impingers and subsequent labStagnic CambisolHAO et al, 1998 developed on clayey al-
oratory analysis. Ambient air was directed at a con-luvial deposits. Slurry was spread on the arable field (4 Au-
trolled flow rate of 1 STP Imin! through acidic solution gust) and on the grassland (6 August) using a tank trailer
(0.01 M H,SOy) that ideally strips all gaseous NHnd par-  with splash plate. This is currently the most common slurry
ticulate NI—Qr into dissolved Nlj‘. The solution was spiked spreading technique in Swiss agriculture. Tablésts key
with CH,O to suppress microbial activity during sampling parameters of the applied slurry. It consisted of a mixture
and storage. The air was aspirated by flow-controlled pump®f cattle (80 %) and aged pig (20 %) slurry on 4 August and

2.1.4 Sampling by impingers and laboratory analysis

www.atmos-meas-tech.net/4/1821/2011/ Atmos. Meas. Tech., 4, 18202011


www.nitroeurope.eu

1824 J. Sintermann et al.: Determination of field scale ammonia emissions

Table 2. Characteristics of the applied slurtyser = fertilised areaVsjyrry = volume of applied slurry, DM = dry matter contentoh= total
nitrogen content, TAN =slurry total ammoniacal nitrogen = INH- [NH3]; + standard deviation of the analytical sample replicates.

Atert  Vslurry pH DM Ntot TAN
lha]  [m°] [%] ! [g1-1

4 August 2009  1.23 41.0 7.820.10 0.99£0.09 1.040.04 0.840.01
6 August 2009  0.77 225 7.490.19 203:0.35 15A40.13 1.18:0.05

of cattle slurry on 6 August. Corresponding to the typical measurement over the fertilised fields (Se&ct). Immedi-
practice on Swiss farms the slurry had been diluted with rainately following both fertilisations — after the distribution of
water during storage, resulting in a low dry matter (DM) con- the slurry on the entire field — two towers equipped with im-
tent. The arable field had been harvested a few days earligringers at two heights were positioned at each field. They
with stubbles of~20 cm height remaining in very low den- captured NH concentrations integrated over one to several
sity, and the grassland field had been previously cut with ahours (Tablel).

resulting average vegetation height of 5cm.

In order to distribute the slurry over the entire field, the
farmer needed to spread several tank volumes and each re-
filling required 20 to 25min. Thereby, a sequence of fer- _ .
tilisation tracks composed of spatial and temporal displacec?'&1 Eddy covarance method with fast HT-CIMS
emission areas was produced (Flg.chronologically num- detection (EC/HT-CIMS)
bered). The complete period of fertilisation took almost two
hours on 4 August and about one hour on 6 August while
individual slurry tracks were dispensed within 3 min.

2.3 Determination of NHsz fluxes and quantification of
field emissions

The procedure to calculate the EC flux&abberdt et a).
1993 of NH3 measured by HT-CIMS is described Bjn-
) _ ] ) termann et al(2011). The EC fluxes were corrected for
Figure2 provides an overview over the predominant me- the amount of high-frequency attenuation in the used closed
teorological conditions for the days of fertilisation. Warmest path system by an empirical ogive approadimfann et al.
air temperatures were 2€ and 27°C, respectively, during  2006. Fluxes were calculated in 10 min intervals and were
daytime and no rainfall occurred. High solar radiation inten- rejected if stationarity was violated accordingRoken and
sity was accompanied by relative humidity down to below wjichura (1996 (using 2.5 min sub-intervals). Data derived
50 % during the day with highest values in the early morn-f.om all applied measurement systems are explicitly shown
ing. Winds prevailed from north-easterly directions speedingfg, the period when integral turbulence characteristies- (
up to 4ms™ and up to 2.5ms', respectively. ken and Wichura1996 indicated conditions with turbulent
The EC flux system (ultrasonic anemometer and sampleexchange.
gas intake connecting to the HT-CIMS) was placed on the The application of slurry creates a non-stationary setting
field immediately after the distribution of the first slurry track where areas of high slurry emissions are surrounded by plots
had been completed. On 6 August it became necessary twith very small background Ngifluxes close to zero. This
subsequently move the system to the adjacent second traavokes vertical flux divergence influencing the flux measured
to provide a better fetch for the flux measurement. Henceat a specific heightfowler and Duyzerl989 Loubet et al,
as soon as the second track was cast the EC system w&909. In order to deduce surface emissions from the EC
positioned at its final location (Fidl). The FTIR systems measurements the flux divergence has to be considered. The
measured NBl concentrations spatially integrated over the flux footprint describes the upwind area determining an EC
length of the infrared paths. The data were averaged to obflux. It reflects the spatial density distribution of the flux
tain 10 min intervals. The optical paths were situated parallelat the measurement locatioBghmid 2002. In our exper-
to the south-western border of the respective field, stacked dtment, several of the individually emitting slurry tracks in-
the three heights. The paths were thus arranged orthogonal tersected with the footprint area as well as fractions of un-
the site’s main wind axis, downwind of the expected wind di- fertilised regions beyond the field boundaries, and footprint
rection. In addition, the cavity ring-down Ntanalyser was  analysis Neftel et al, 2008 was used to correct for the di-
placed on the upwind edge of the fertilised field inside a tem-vergence. For the situation of high slurry Nldmissions it
perature controlled container to monitor the Nbhckground  was reasonable to assume negligible surface fluxes outside
concentration, i.e. unaffected by local emissions. 3Nkhs  the fertilised field. The applied footprint model is based on
sampled by the wet chemical impingers with subsequent labthe analytical algorithm biKormann and Meixneg2001). It
oratory analysis in order to provide a robust concentrationhas been tested in a tracer experimdniz&on et al.2010
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Fig. 1. Application of liquid cattle slurry by sequential spreading of six tanks (tracks #1...#6 on the cropland on 4 August 2009) and three
tanks (tracks #1...#3 on the grassland on 6 August 2009), respectively, including wind direction (WD) and wind/3pge®d (he start of

slurry application until the end of the respective day; locations of measurement systems are digp)ayet{p) denote different impinger
positions, EC/HT-CIMS position on 6 August on #1 only temporary until #2 was dispensed; satellite image: ©Google Inc., 2010.
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and has performed well in a state-of-the-art footprint inter-ted to measured flux values. The choice of the specific func-
comparisonKljun et al,, 2003. The footprint correction for  tion for the course of5; Will be justified by good corre-
flux divergence is valid, given (i) negligibly small flux inter- spondence of fit and measurements. For this procedure, val-
ference of chemical conversion of NHo particulate Nlj[ ues were taken into account over the period of the day when
between the surface and measurement level with the higimeteorological drivers for slurry Ngivolatilisation, likeU
emissions following fertilisationNemitz et al, 2009, and andu, remained about constant. In the following, we use the
(i) the small impact of storage of N¢in the corresponding  term Fyolatec to refer to the parameterised individual track
air column on the measured flux{ %, determined follow- emissions derived from the EC/HT-CIMS measurements and
ing Spirig et al, 2010. the fitting procedure. The fluxes calculated for the position
Specifically, with the footprint analysis the relative con- of the EC system, derived by the combination of El.gnd
tributions of each slurry track and outer regions to the mea-Fyoiat ec are denomiatedec sit. To estimate the field’s aver-
sured EC fluxes were quantified. By linear combination of age emission strength over tinfge|q(¢) the track emissions,
the various track footprint fractions with a representative in- weighted with the corresponding track areas (track area
dividual track emission over time we calculated the whole hence field aredieig = Z:LATJ, Ainm?), were combined
field’s emissions. As proposed IBenmead et al(1977 a  considering the individual timing of slurry spreading:
characteristic time course of NHolatilisation, represented
by a function Fyoat(t), was assumed to be equal for each fqq(r) =
track. The equality assumption was reasonable because the Afield

site conditions were about uniform for the field as a wholem the situation when only the first track had been applied
(regarding soil, vegetation cover, surface roughness and alsgy 5 4 single source area could be identified by the foot-

meteorological properties) and the applied slurry was takery, it evajuation, the measured EC flux combined with the

_from the_same source and was hom_o_genised before bringln%spective footprint was used to compute the average field
it to the field. The NH flux at the position of the EC system . :ssions at that time.

(Fec) could then be written as the suiH1 to the number

of tracksnt) of the emission from each track adjusted for 2.3.2 Dispersion method using FTIR concentration
the individual application timerd;) and weighted with the measurements (bLS/FTIR)

corresponding footprint fractiong):

nt
ZFvolat(l —10;) - AT (3
i=1

The FTIRs at the downwind field border measured mean path

nTt . . .
Fec(t) = Z ®; (1) - Fuolat(t —10). 1) f:onf:entratlons reprgsgntlng honzonta}ly exported; MHg-
= inating from the emissions. Since the infrared paths were on

) average not perpendicular to the prevailing wind direction,
Denmead et al(1977 chose an exponential decrease aSonly a fraction of the field’s Ni export was comprised by
shape forFiolat(r) due to emissions from tracks fertilised {he FTIR measurements. Correcting for the missing fraction
with injected anhydrous Nii At the Oensingen grassland pas to account for the spatial inhomogeneity of the emissions
site, Spirig et al (2010 estimated the Nklemissions associ- qye to the sequential slurry spreading. In order to relate the
ated with slurry application to decrease about exponentially=T|R concentration measurements to surface emission fluxes
to bi-exponentially in the period during and following the g o0 to determine the spatial dispersion of a tracer is nec-
spreading, albeit with some uncertainty in the first up to threegssary that can calculate concentration footprints (in analogy
hours. In the present study, supported by visual inspection of; ine flux footprint). The bLS methodFlesch et al.1995
the measured fluxes, we used a bi-exponential decay functioQOOLp is a powerful mean to determine emission rates em-
(for a discussion of possible related processes see &£8t. ploying a single (or multiple) downwind concentration mea-
with a total of four fittable parameters as course&@iar(t): surement and vice versa. It is based on Lagrangian Stochas-
1—1o —1o tic and uses Monin-Obukhov similarity theory (MOST). The
Fyolat(t — 1) = Fl'eXD<—t—> +F2~eXD<—r—>1 ) model calculates an ensemble of patrticle trajectories where
! 2 the particles are being released at a given location and traced
where the NH emissionFy; at a timer after the moment backward to determine the resulting particle-ground inter-
of slurry applicatiornyg is a combination of two exponential sections at one or several areas. The applied bLS model
functions with coefficient$y andF», and decay times, and is implemented in a freely available software callihd-
2. F1+ F» yields the theoretical initial fluxs,; directly at ~ Trax (version 2.0.8.3, Thunder Beach Scientific, Halifax,

the very beginning of the emissions. Canada;www.thunderbeachscientific.cQmhat exhibits a
Equation @) was best-fitted to the respective measured ECgraphical user interface (see review Dgnmeagd2008. In
fluxes by adjusting the four constarftsg, 71, F2, T2 in combi- the present study, a fixed humber of 50 000 particles was re-

nation with the relative footprint fractions. The function’s co- leased to calculate particle-ground intersections. The soft-
efficients were determined by iterative minimisation (New- ware demands information about the atmospheric state and
ton type algorithm) of the sum of square deviations of the fit-accepts input variables of gradual complexity levels, with
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preference to the most detailed inputs. The quantities arérack emissions derived from bLS/FTIR is henceforth termed
either specified directly using measured data and/or are estiFyolat IR, While cerir it iS used to refer to the concentra-
mated byWindTraxwith the help of MOST. The software tions calculated for the FTIR paths based on the bLS con-
does not allow simultaneous input 6f and u,, although  centration footprints (see E8) and FyolatFTIR-
it can be important to hav® andu, corresponding to the
measured values in order to describe turbulence most acci2-4 Estimating initial volatilisation from liquid slurry
rately (Neftel et al, 2008. WindTraxrather computes/ characteristics
from knowledge ofu,, L and the roughness length of the
underlying surfacezg: height where the vertical profile of BY knowledge of the chemical slurry constituents and the
U approaches zero) according to MOST. Therefore, we di-Physical parameters driving the Niolatilisation from so-
rectly provided WD,u,, L, the standard deviations of the lution one can calculate the theoretical flux arising from the
three wind vectors, v, w, andzo. Before,zo had been de- initial NH3 volatilisation at the moment when the slurry is
termined numerically with MOST using measuted L and freshly exposed on the surface. Contrasting this slurry de-
U(z —d) that define the vertical profile df. Thus, it was rived initial flux (Fjn;) to the corresponding initial flux deter-
assured that withiwindTrax u, andU satisfied the actual Mined from the respectivByolar(fo) (see Sect3.1) one may
measurements. The magnitudezgtould then be consulted judge whether this initial flux was of a reasonable physical-
to identify situations when atmosphere might not have suf-chemical magnitude. Assuming immediate liquid-gas phase
ficiently obeyed MOST I(aubach 2010, which could lead equilibrium and ideal solution, the initial N-toncentration
to modelling errorsKlesch et al.2004. All input variables ~ above the hypothetical slurry surfacgi (z;) (for the con-
were derived from the ultrasonic anemometer measurement&ept ofz; see e.gSutton et al. 1993 was inferred with the
of the EC system, and 10 min averaging intervals were usednelp of Henry's law (requiring slurry pH, [Nj] and surface
for the computations. temperaturd (z)) (Spirig et al, 2010:

In WindTrax the normalised concentration fiekix, y, z) )
is determined l(aubach 2010 from the downwind ¢) (ch) = [NHI]'104'1218‘4507/T(20)

and backgroundcfgd) concentrations and the emission rate “\%0) = [H+] 1079 ’ ©)

(Fuolat): . . .
c(x,y.2.1) — Chgd ¢(zg) in ppb andr (zp) in K. cini (25) can be translated into

B(x,y,z,t) = —————. (4)  theinitial surface fluxFini. A flux F, relates tar (z) via the

o F."O'e.“ . _ corresponding air concentration at a second hetght- d)
Calculating field emissions with bLS/FTIR consisted of two gnd the aerodynamic and the viscous sublayer resistace
steps. FirstWindTraxwas applied to determine the relative gpng Ry, as defined irfFlechard et al(2010:

contributions of individual slurry track emissions to the mea-
sured FTIR line concentrations. For this purpose, BJ. ( _ c(zé)—c(z—d) 7
was evaluated for the setup of the FTIR systems and thd'e = Ra(z—d)+Rp @

individual slurry track sources: the tracks were thus given ) _ o
unity emissions Fyoiat= 1 g m2s~1) and in separate runs The NH; concentration measured with the cavity ring-down

for each track the accordinBerir ; (1) was computed. Next, SyStem upwind of the f_ertilised fields was approximated as
the actual emissions were determined in a way similar to thd?ackground concentratiariz —d) at 20 ma.g.| #ini was cal-
procedure used above in case of the EC fluxes: the measurédlated from the initial slurry properties and atmospheric
line concentrationseir) were described as the sumegfyy ~ /@nsport capacity using the gradient in jlebncentrations.

and presumed individual track emissiof&da(1)) adjusted 1€ surface temperaturE(z;) was derived equivalent to

by their footprint contributionsBrrir,; (1)), Eq. (7), using the air temperaturé (z—d) and sensible
nt heat flux, both measured by the ultrasonic anemometer at
crTIR(1) = cogd(t) + Y (BETIR. - Fuolatlt — 101)) - c) Ll25magl

i=1
As with the EC fluxes, the time course Bfqat (See Eq2) 3 Results
was assumed to be equal for each track, allowing the it-
erative determination of the parameters bt from the 3.1  Concentrations, fluxes, and emission rates by
measured line concentrations and concentration footprints. the EC/HT-CIMS method
In such, each fit forFyg5t Obtained from a distinct height
of FTIR measurement yielded one emission estimate, whictOver both fields, NH concentrations observed by the HT-
should theoretically correspond to the emissions calculatedCIMS showed a typical pattern of a fast increase during the
from the other heights, provided equal performance of thespreading of the slurry (Fig). The highest recorded 10 min
single FTIR systems and realistic representation of disperaveraged concentrations were 817 pgfnon 4 August and
sion in the bLS model. This parameterisation of individual 1543 pgnt3 on 6 August. Unfortunately, failures of the
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Fig. 3. NH3 concentrations measured by the HT-CIMS(ap4 August 2009 an¢b) 6 August 2009; vertical bars represent the spreading of
the individual slurry tracks (#1... #6 on 4 August 2009 and #1... #3 on 6 August 2009) while grey shaded areas indicate the period of slurry
spreading that mainly affected the fetch of the measurenSentermann et al2011).

combined sonic and HT-CIMS data acquisition system re-decay times; of about 30 and 20 min while the slower de-
sulted in short data gaps on 4 August, therefore during theereases had time constants of roughly 2 and 3h. With
very beginning of this fertilisation no measurement data were332 pg nt2s~1 the fitted initial flux Fin; immediately at the
available. The concentration maximum was followed by astart of the volatilisation was almost twice as high on 6 Au-
fast decrease down to about 60 pghrand 30 ugm?3, re-  gust than with 170 pg ¢ s~ on 4 August.
spectively, in the evening.

On the days of both fertilisation events, the course of ob-3.2 Concentrations and emission rates by the bLS/FTIR
served EC fluxes featured a similar pattern as the concentra- ~ method
tions: an initial fast decrease followed by a slower decline
dominating from roughly one hour after the slurry distribu- The vertical concentration profiles measured by the FTIR
tion for the rest of the day (Figl). The measured Ngfluxes ~ Systems (Fig6) showed maximum Ngiconcentrations (at
were a composite of the emissions of the sequentially sprea@-8ma.g.l.) of 773ugm® on 4 August and 1446 ugm
tracks. As shown in Fig4, the footprint analysis revealed ©0n 6 August, respectively. The course of concentrations ap-
that only tracks #1 to #3 on 4 August and tracks #1 and #2proximately reflected the one observed with the HT-CIMS
on 6 August (as well as smaller fractions from outside themeasurements. On 4 August, the values at the highest mea-
field) contributed with an approximately steady proportion surement level (3ma.g.l.) mostly fell below the limit of de-
to the EC flux. In the evenings, shifts in wind directions tection at 18:00 in the evening. This happened to the; NH
promoted increasing influence of the remaining tracks. It be-measurements at all heights on the evening of 6 August.
comes evident that track #1 contributed most to the respec- The FTIR measurements were combined with respective
tive measured EC flux on both days. The course of observe#LS concentration footprints to parameteriseNidlatilisa-
EC fluxes indicated an exponential to bi-exponential emis-tion Fyolatrrir from the various tracks using Ecp)( The
sion decrease as assumed fpiat (EQ. 2). Consequently, time course of measured NHoncentrations was well re-
the fit function according to Eq1) could well reproduce the produced byrrir fit before 18:00cFtir sit began to deviate
measured fluxes during almost the whole day (Bjg.The  from measured values only in the evening, when the meteo-
temporal fluctuations of the fitted fluxes represent changes ifological regime started to change. Then, the whole field was
track footprint contributions influencing the flux at the EC regarded to emit homogeneously anehdTraxwas applied
location (see Fig4). Associated with a less constant WD, to calculate the respective field emissions. Apart from that
the fluctuations were stronger on 6 August. Median devi-evening period, median deviations between fitted and mea-
ations between fitted and measured fluxes were about 11 %ured concentrations for the three heights (low to high) ac-
on 4 August and 13% on 6 August considering values un-counted for 6%, 6% and 22% on 4 August and for 19 %,
til 18:00 and 17:30, respectively. Afterwards, when the dif- 21 % and 28 % on 6 August.
ferences became larger, the field was assumed to emit ho- Table 3 contains the characteristics of the derived bi-
mogeneously and average field emissions were calculatedxponential functions describing the time course of a sin-
from the measured fluxes and a footprint analysis considgle track emission. The time constantsof the first expo-
ering the field boundaries as a whole. TaBlsummarises nential function ranged from about 50 to 70 min on 4 Au-
the bi-exponential function parametersibiatec as derived  gust and were around 30 min on 6 August for the results
from the fitting procedure. The initial fast decays showedinferred from the three measurement heights. The second
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Fig. 4. Influence of the slurry tracks on the EC flux ¢a)) 4 August 2009 andb) 6 August 2009 (6 and 3 tracks, respectively); upper
panels: relative footprint®) contributions of the individual slurry tracks to the EC flux measurement, white area displays the fraction of the
flux footprint covering areas outside the fertilised tracks; lower panels: measured E@uXHstriped bars represent the actual time of the

distribution of each track.
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Fig. 5. EC NHgz fluxes measured and correspondifigc it on (a) 4 August 2009 andb) 6 August 2009; dashed lines indicate the
periods when the parameterisation was regarded not to reflect representative surface emissions anymore, but the field was considered to en

homogeneously.

exponential function was of minor influence for the time than would have been described by the bi-exponential time
course of the emissions on 4 August and had time constantsourse. Looking at Fig and7 it becomes clear that the
72 larger than 4 h on 6 August. The initial flug,; was be-  change was caused by a shift in meteorological drivers. At
tween 144 and 202 ugm s~1 on 4 August and between 206 around 18:00 essentially andu,. sharply began to decrease,
to 252 ug m2s~1 on 6 August. followed by a delayed increase in atmospheric stability. Al-
most at the same timédy;, started to fall and RH began to
rise.

At the cropland fertilisation (4 August), the track emis-
The average field emissions (E3).increased step-wise dur- sions Fyolat FTIR Were higher tharnFyglatec, and Fyolat FTIR
ing the actual period of fertilisation, which was of course as-had a course closer to a single exponential function (Ta-
sociated with the distribution of the individual slurry tracks ble 3). The resulting bLS/FTIR field emissions remained
(Fig. 7). That was followed by an overall decline of emis- higher for the whole day. The parameters of the individ-
sions for the rest of the day. In the evening, when turbu-ually fitted functionsFyoiat ec and FyolatFir Showed some
lence broke down, the N¢field emissions became small (i.e. considerable differences. The deviations were especially as-
the concentration measurements by FTIR systems reachesbciated with the second exponential sub-function (T8ple
their detection limit and EC fluxes became very small andfor which there is no reasonable explanation. However, these
instationary). On both events, around 18:00 the field wasdifferences had only a smaller effect on the overall temporal
considered to emit homogeneously over the whole field ex-course of emissions (see Fig. Peak field emissions ranged
tent. In this transition regime the emissions decreased fastérom 88 to 72 ug m2s-1 for the bLS/FTIR fluxes and were

3.3 Spatially averaged and cumulative field emissions
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Table 3. Parameters of the best-fitted bi-exponential functions, calculated surface tempeireﬁﬂgl)e, (and the according initial Ngifluxes
(Fini) as derived from Eq.2) and as expected from initial slurry equilibrium conditions.

fitted function parameters

F1 21 P 1) T (z) Finj
g 2s7t]  [min]  [pgm2s7l]  [min] (Kl [ugmr2s7d
4 August 2009 EC/HT-CIMS 134 32 36 129 170
bLS/FTIR0.8m 192 49 10 2724674 202
bLS/FTIR1.8m 150 60 6 74951 156
bLS/FTIR3.0m 142 73 2 74951 145
slurry equil. 302.9 564-894
6 August 2009 EC/HT-CIMS 295 23 37 161 332
bLS/FTIR0.8m 207 29 23 258 230
bLS/FTIR1.9m 237 28 15 367 252
bLS/FTIR3.0m 201 30 5 788 206
slurry equil. 299.6 186-446

—— FTIR 0.8 m, fitted —— FTIR 0.8 m, fitted
1000 1 —— FTIR 1.8 m, fitted 1000 7 _ —— FTIR 1.9 m, fitted
FTIR 3.0 m, fitted FTIR 3.0 m, fitted
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Fig. 6. NH3 concentrations measured by FTIR systems and correspongig it on (a) 4 August 2009 angb) 6 August 2009; open

symbols show the measured values at the various measurement heights: circles =0.8 m, triangles=1.8 and 1.9 m, squares =3.0 ma.g.l.; dash
lines indicate periods when the parameterisation was regarded not to reflect representative surface emissions anymore, but the field wa
considered to emit homogeneously.

66 ug nr2s1 for the EC/HT-CIMS emissions. Over grass- from the measurements at both remaining heights, whereas
land (6 August), the bLS/FTIR track emissions and henceon 6 August the fluxes derived from the uppermost height
the corresponding average field emissions were characteriseslere smaller than those derived from the other two.

by similar bi-exponential functions as those derived from the In terms of cumulated emissions (Fig) the fertilised
EC/HT-CIMS fluxes. The temporal behaviour &fgjatEc fields lost 5.35kgN on 4 August and 4.88kgN on 6 Au-
obeyed to the bi-exponentiality on both events in a similargust with regards to the EC/HT-CIMS derived results. On
way (except thaFj,; was much higher over the grassland). In 4 August, the bLS/FTIR based losses were higher (6.69
contrast to 4 August, the EC/HT-CIMS field emissions wereto 7.90kg N) and lower (3.21 to 4.33kgN) on 6 August.
larger than the bLS/FTIR field emissions. Peak emission®Over the arable site, the bLS/FTIR cumulated emissions
occurred immediately after fertilisation. They were in max- were about 20 % (middle and highest measurement height) to
imum 174 pgm?s-1 and for the bLS/FTIR derived emis- 32 % (lowest height) larger than the cumulated EC/HT-CIMS
sions, highest values amounted to 114 to 139 pgsn?. emissions. Over the grassland, they deviated from EC/HT-
Although theoretically equivalent, the fluxes calculated from CIMS by —13% (middle and lowest height) and48 %

the FTIR concentrations at the three heights differed from(highest height). According to both measurement systems
each other. On 4 August, the emissions inferred from theover 80 % of the total emissions occurred in the period dur-
concentrations of the lowest height exceeded those calculateidg the slurry spreading and the two subsequent hours.
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Fig. 7. Average field emissions dja) 4 August 2009 an¢b) 6 August 2009 derived from EC/HT-CIMS and bLS/FTIR.

Table4 summarises the various estimates of overaleNH ment without systematic deviations (Fi@. panel a). The
field emission losses. Cumulated emissions over several dayggression slopes were close to 1 with an average uncertainty
were calculated based on ongoing EC/HT-CIMS measurerange of+8%. The root mean squared error (RMSE) of
ments over the second days after slurry spreading (wholéndividual deviations was about 30 ugth In contrast, the
field regarded to emit homogeneously). The field emissiondNH3 concentrations calculated from the bLS/FTIR emissions
were expected to decrease exponentially during 10 days ahowed generally larger deviations from the measured im-
maximum Elechard et a).2010. The period subsequent pinger concentrations (Fi§, panel b). There were system-
to the days of fertilisation then contributed only to a very atic differences into opposite directions in the two events.
small degree to the overall NHosses, namely to about 7% In addition, the inconsistency found between the three FTIR
and 4 % of the first day’s losses, respectively. Taking thesemeasurement heights is clearly visible again. On 4 August,
fractions into account, the EC/HT-CIMS derived emissionsthe concentrations obtained from the lowest height deviated
represented 16 % loss of the applied TAN for the croplandmost from the reference with the reverse picture on 6 August,
and 19 % for the grassland site. The FTIR measurementsvhen the uppermost height produced emissions least corre-
were close to or below the detection limit on the days follow- sponding to the impinger measurements. Using bLS/FTIR
ing the fertilisations and the systems’ application period wasemissions, the impinger concentrations were systematically
restrained by their timely relocation between the measureoverestimated by 23 % to 43 % on 4 August and underesti-
ment sites. The corresponding emission estimates therefommated by 10 % to 23 % on 6 August (Taldle
account exclusively for the first day of emissions. They com-  Concerning EC measurements, the high-frequency attenu-
prise 18 % to 22 % loss of applied TAN on 4 August and 12 % ation of fast Nk fluctuations inside the sampling and ana-
to 16 % on 6 August, and when averaged over both measuréytical system causes systematic under-determination of the
ment methods they amounted to£8% and 16-3%, re-  fluxes. We corrected the EC fluxes for this amount as de-
spectively. scribed bySintermann et al(2011). As this is an empirical

approach comparing the ogives of the Nitlixes to those of
3.4 \Verification of concentrations and derived emissions  sensible heat fluxes, an incomplete correction cannot prin-
cipally be ruled out. To provide an additional check, the
3.4.1 Comparison with impinger concentration EC/HT-CIMS derived emissions were also used to calculate
measurements the concentrations at the HT-CIMS location via bLS. These
were compared to the Nftoncentrations measured by HT-
The bLS model was used to calculate the expected té- CIMS averaged over 10min and one hour intervals, suffi-
centration at the sampling locations of the impingers, usingciently long to exclude damping influences. Figtisshows
the fitted volatilisation function\olatec and Fyolatrir @5 that there was good agreement on both days.
source terms. Figur@ illustrates the comparison of the ob-
served impinger concentrations to the calculated concentra3.4.2  Plausibility of initial volatilisation
tions, averaged over the different impinger sampling peri-
ods. Based on theoretical consideration and on visual inspedA physical-chemical upper limit of the initial N¢ivolatili-
tion, we analysed the (dis-)agreement between the plottedation, expressed &8, was derived from the slurry anal-
concentrations by linear regression through zero (see slopgsis and meteorological properties as described in Qett.
and RMSE results in Tabl). With respect to the emis- There was a considerable rangeff; calculated from the
sions based on EC/HT-CIMS, calculated and directly mea-slurry analysis (Tabl&), mainly because of limited analyti-
sured impinger concentrations showed a very good agreecal precision in pH determination (Tal2e While the initial
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Fig. 8. Cumulative field emissions derived from EC/HT-CIMS and bLS/FTIRay¥ August 2009 an¢b) 6 August 2009.

800 - L,
a 1 O 4Aug,08m ,
( ) A 1000 O 4Aug,1.8m //
A 4 Aug, 3.0m e
° ] o
g 600 S 800 -
K] <
3 3
o o
S S 600
& 400 | —
1S 1S
(o}
2 2 400 |
< 200 Z
200 1 A  6Aug,0.8m
& ® 4Aug [ 6 Aug, 1.9 m
A 6 Aug S 6 Aug, 3.0 m
0 ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘ ‘
0 200 400 600 800 0 200 400 600 800 1000
NH, [ug m™®] impinger NH, [ug m™] impinger
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Table 4. Cumulated field emissions calculated by EC/HT-CIMS and by bLS/FTIR on (l) lower, (I) middle and (Ill) upper measurement
height.

EC/HT-CIMS emissions bLS/FTIR emissions
day 4 August 2009 6 August 2009 4 August 2009 6 August 2009
[kg NH3-N][% of TAN]  [kg NH3-N][% of TAN]  [kg NH3-N] [% of TAN] [kg NH3-N] [% of TAN]
o mom o m oo o mom o m o
1 5.35 14.6 4.88 18.0 7.906.726.69 21.6 18.4 18.3 4.334.273.21 16.0 15.8 11.8
2 0.83 1.04 0.18 0.68
3-10 0.03 0.08 0.01 0.03
5.76 15.7 5.07 18.7 7.906.726.69 21.6 18.4 18.3 4.334.273.21 16.0 15.8 11.8

Table 5. Parameters of linear regressions of Nébncentrations measured by impingers and corresponding concentrations calculated with
bLS, using the emissiong,q5t derived from the respective methods (Fi. RMSE =root mean squared error (in ug ).

EC/HT-CIMS bLS/FTIRw bLS/FTIRmiddle bLS/FTIRigh
slope RZ RMSE slope R? RMSE slope R? RMSE slope R?2 RMSE
4 August2009 1.00 0.985 31.2 143 0.993 284 123 0990 31.0 125 0989 3238
6 August 2009 0.97 0.985 30.4 090 0.967 41.4 0.88 0.950 50.8 0.77 0.859 813

fluxes derived from the flux determination of all field-applied This underlines that the applied correction was appropriate
systems were below the maximum possible values on 4 Auand systematic underestimation of the fluxes due to high-
gust, the values on 6 August were in range suggesting tharequency attenuation could be avoided.
the inferred initial fluxes had been close to the theoretical Analytical difficulties in NHs measurements may origi-
maximum. nate from gas-phase calibration uncertainties(Bobrutzki
et al, 2010, drifting instrumental stability Njilford et al.,
2009, selective sampling and analysis of gas and aerosol

4 Discussion phase and Nglsorption in filters, tubes and devicdafrish
_ and Fehsenfeld2000. Flux measurements with the aero-
4.1 Uncertainty of the EC/HT-CIMS approach dynamic gradient method using AMANDA instruments are

associated with uncertainties of 20 % to 76 Sufton et al.
The largest difficulty and strongest potential limitation of 200q Milford et al., 2009. After fertilisation, relaxed eddy
the EC approach for Nglis the correct quantification of gccumulation approaches have underestimated Mikes
the attenuation of fast and turbulent high-frequent concentompared to the AMANDA gradient systems by 20% to
tration fluctuations between the sample location and actualq o Hensen et a).2009 while EC measurements based
measurementBrodeur et al. 2009. To our knowledge, on |aser absorption spectrometry have exhibited biases in
the only other study of N&l EC flux measurements that the order of—50% when related to the AMANDA fluxes
simultaneously compared the results to the fluxes Obtaine‘é\Nhitehead et al2009. Emissions from field application of
from an established (gradient) method discovered substantigyrganic fertiliser determined with simultaneously replicated
high-frequency attenuation losses that could not be quantiynass balance measurements using passive flux samipders (
fied by inherent methods/\(hitehead et a).2008. Sinter-  yning et al, 1985 showed unexplained variations between
mann et al(2011) quantified the attenuation empirically and 2304 t0 52 % Misselbrook et al.2005. Considering these
corrected the raw EC fluxes for high-frequency losses. Figifferences as representative for the range of expected uncer-
ure 10 demonstrates that the EC derived emissibiiatec tainties in NH; flux measurements, the consistency between

were consistent with Nkl concentrations recorded by the EC/HT-CIMS derived emissions and the impinger concentra-
HT-CIMS, averaged over timescales when high-frequencytions, found here, is excellent.

attenuation is considered not to play a role. As well, the com-
parison to the measured impinger concentrations was good.
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’ lates emissions accurately provided homogeneously emitting
7 source areas (or well represented point sources), a precise
1600 - 7 monitoring ofcpgg and a largely undisturbed wind field, i.e.
s an obstacle-free downwind fetch longer than 5-E@gch
A '/ et al, 2005 Gao et al.2010 to 25 (McBain and Desjardins
1200 - / 2005 timesz —d, depending of the complexity of the distur-
% bance. The accuracy can be negatively affected by extreme
/ atmospheric instability and is sensitive to ldaw and non-
P stationarity indicated by low, (Flesch et a].2004 McBain
800 1 e and Desjardins2005 Gao et al, 2009). In the present
o study, all mentioned quality criteria were fulfilled. The dif-
/ ) ferences in bLS/FTIR emission estimates depending on mea-
400 - 2 4 Aug, 10 min surement height (Figg.and9) may be explained by another
. 6 Aug, 10 min specific limitation of the modelLaubach(2010 found that
4Aug, 1h . .
6 Aug, 1 h the accuracy of_the bLS, implementedWindTrax can de-
pend on the ratio of — d to the mean fetch length with re-
‘ ‘ ‘ ‘ sulting differences of up to 20 % under unfavourable condi-
0 400 800 1200 1600 tions. This is probably due to an overestimation of the speed
NH, [ug m?] HT-CIMS of vertical dispersion as it relates on the uncertain parame-
terisation of energy dissipatioh.aubach(2010 identified a
Fig. 10. Measured HT-CIMS NH concentrations (averaged over SPecific relative crossover height{ d/mean fetch length)
10 min and 1 h) vs. corresponding concentrations calculated by bLSt which the effect vanishes. Below, potential overestima-
using Fyolat Ec; dashed line shows 1:1 relationship. tion occurs, reversing into underestimation above. It was not
possible to identify a representative crossover height in the
present study as this would have required winds blowing per-
4.2 Uncertainty of the bLS/FTIR approach pendicular to the FTIR paths in order to determine the mean
fetch length. It is, however, very likely that on 4 August
Inspection of the bLS/FTIR emissions revealed two dis-the lowest FTIR height was significantly below the crossover
tinct features: deviations between the results derived fromheight due to the orientation of the field setup relative to the
the three measurement heights within one fertilisation evenpredominant wind direction. This could qualitatively explain
(Figs.7, 8, and9) and, when compared to the impinger con- the overestimation of the emissions derived from the low-
centrations and EC/HT-CIMS results, an apparent overestiest height relative to the other heights. The reverse picture
mation on 4 August and an underestimation on 6 Augustoccurred on 6 August when probably the highest measure-
(Fig. 9; Table5). The relative deviation with respect to the ment height exceeded the respective crossover height. This
impinger concentrations were aroum@4 % (best two mea-  was the case because the emission fetch for the measurement
surement heights) angt43% (least suitable measurement was quite small that day, as the relative influence of source
height) for the cropland fertilisation and arourd1 % (best  areas outside the fertilised field (due to easterly wind com-
two measurement heights) 623 % for the grassland fertili-  ponents) were larger for the short FTIR path on that day,
sation. These values are within the typical uncertainty rangeroducing a smaller effective fetch for the line concentra-
of NHj3 flux determination as reviewed above. tion measuruement (see Fi). Taking these aspects into
In the past years the applied bLS method has been proveconsideration, it is likely that the respective single outliers of
to determine emissions from concentration measurementthe bLS/FTIR emissions were an effect of the shifting bLS
with accuracies around 10% under most circumstanceperformance due to the experimental setting. In addition, on
(Flesch et al.2004 2005 McBain and Desjardins2005 6 August the wind direction fluctuated significantly and thus
Gao et al. 20093 2010. It is considered to be currently the angle of the FTIR paths often happened to be close to the
among the most accurate micrometeorological techniques tdirection of the wind which can increase the uncertainty in
calculate dispersion and determine emission rédesneagd  the emission calculatiorF{esch et al.2004). The preced-
2008 Laubach 201Q Loubet et al. 2010. It has been ap- ing reflections suggest that within one event, differentiating
plied to assess methane and/or Nemissions from agri- between the three measurement heights, the two bLS/FTIR
cultural fields fertilised with slurry$anz et al.2010 and  emissions showing agreement were more plausible than the
urea Sommer et a).2005, grazed fields@enmead et al.  deviating value. The different biases observed in the two fer-
2004 Laubach and Kelliher2005 Laubach et a).2008 tilisation events might be attributed to shifting instrumental
Laubach 2010, cattle feedlotsKlesch et al.2007 McGinn performance. For example, in a recent intercomparigon,
et al, 2007 van Haarlem et 812008 Loh et al, 2008, and Bobrutzki et al.(2010 characterised eleven state-of-the-art
even complete farmd=(esch et al.2009. The bLS calcu- instruments for NH concentration measurements based on

NH, [ug m™] calculated
N

>
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eight analytical methods. Agreements better than 25 % camspecially the high air temperatures (though in a slightly dif-

hardly be achieved and deviations can be much larger. ferent combination between the two events) favoured a high
emission rate during the initial period following fertilisation
4.3 Dynamics of NH; volatilisation (Sommer et a).1991). Considering the high infiltration and

sorption potential of the applied slurry with the bare soil on

The fluxes presented in our study show that highest emissiong August (see below), it is likely that equilibrium in NH
from individual tracks occurred immediately after slurry ap- volatilisation described by Henry's law did not occur over
plication. Itis difficult to assess the emission course over thean initial period of several minutes during that event. Con-
first minutes after the spreading. The determination of thesequently, the initial flux derived from the bi-exponential fit
function parameters relied on 10 min averages and Bq. ( was lower than the potential flux derived from slurry prop-
allowed to extrapolate to the beginning of fertilisation. The erties, surface temperature and transfer Ve|0city. On 6 Au-
spreading of the slurry itself took about 3 min, thus the initial gust, the initial NH volatilisation as determined from the
timing was not sharply defined. On 4 August, there was asjurry properties matched the initial values identified by the
data gap of about 20 min in the HT-CIMS measurements afield measurements (Se8t4.9. The stronger slurry-canopy
the beginning of the fertilisation introducing additional un- interception and thus slower soil infiltration during this ex-
certainty into the back-extrapolation. periment favoured slurry-atmosphere equilibrium conditions.

According toSommer et al(2003 there are two distinct We conclude therefore that the initial emissions inferred from
stages in the Nl volatilisation which could explain a bi- the field measurements were not prone to severe underesti-
exponential decrease. In the first period, immediately af-mation as they were close to a physical-chemical plausible
ter fertilisation, the slurry is exposed at the soil/vegetation-value. Employing the Henry equilibrium like in Ecg)(to
atmosphere interface as it has not undergone complete sodalculatec (26) ignores the fact that slurry is not really an
infiltration and drying. The emissions depend only on theideal solution. The activity of other dissolved ions can in-
characteristics of the slurry on the surface and of the atmofluence the ionic strength of the slurry solution which may
spheric transport. At the second stage, the emissions are godecrease the expected volatilisation. When considering the
erned by slurry-soil interactions. They include evaporation,applied rather thin slurry to have an ionic strength at the
sorption and microbial activity provoking a time course that higher end of the average range reported in the literature, the
exhibits lowered emissions with a longer time constant. Con-volatilisation would be reduced by about one quar&wri-
sidering the first stage, an upper limit of the initial volatilisa- mer et al, 2003 and the main findings summarised in TaBle
tion rate can be calculated from the slurry and atmospheriavould not very much change. It becomes only more obvious
properties. Volatilisation of fatty acids as well as fast miner- that Fip,; derived from the various measurement systems were
alisation with carbon dioxide volatilisation can increase thevery close to the maximum on 6 August.
slurry pH Vandre and Clemen4997 promoting high emis- The soil at the Oensingen site has a cation exchange ca-
sions. On the other hand, volatilisation of BlHecreases pH pacity of more than 20 cmolkg. Compared to the grass-
(Sommer et a).2003. In slurry, a temporal increase in pH land, the arable field’'s sorption potential of the soil acts more
has been observed with a high total inorganic carbon (TIC)effectively in buffering emissions from the low DM contain-
content of the slurrygommer and Sherlock996. We have  ing slurry since bare, dry soil without canopy interception
no information about TIC in the applied slurry, but since it promotes fast penetration below the surfaGertmer and
was rather thin (low DM content, most of the N in form of Jacobsen1999 Sommer and Hutching2001, Misselbrook
TAN: 81 % and 75 %, respectively) and as infiltration hap- et al, 2005¢ Sommer et a).2006. In addition, slurry TAN
pened fast we must assume that a change in slurry pH was na@bntent drives to a large extent the Nldmissions Kenzi
driving NHs volatilisation in our experiment. On 6 August et al, 1998. The applied slurry on 6 August had a higher
the slurry was applied to the cut grassland where the canopJAN and DM content (albeit a lower pH) than on 4 August.
intercepted a larger fraction of the slurry exposing more lig- Therefore, the emissions could be expected to be higher on
uid to direct volatilisation. The emission enhancing effect of 6 August relative to the event on 4 AuguSofmmer and Ole-
slurry interception on a short canopy was showrRmghette  sen 1991, Braschkat et al.1997 Sggaard et 312002 Som-
et al.(2008 andThorman et al(2008. Therefore, emissions mer et al, 2003 when they declined with a less pronounced
in the initial period can be expected to peak stronger on grasshi-exponential course.
land than on harvested arable land. It has been demonstrated It is known for the investigated site that the emissions de-
that increasing DM content dampens initial BlEmissions  crease exponentially over only a few days after slurry spread-
but prolongs them in the followingBfaschkat et al.1997). ing. The vast majority of NHlloss (at least 80 % of the to-
The slurry spread in our experiments generally had a low DMtal emission) has always been observed at the day of fertil-
content and thus promoted quick volatilisation as reflectedsation Spirig et al, 2010. Such a course with the main
in the fast initial decrease of the emissions. Increased wingbart of emissions occurring in the first ten to twenty hours
speed and air temperatures as well enhance initial emissioris quite common after slurry spreading and has often been
(Sggaard et 812002, and in the experiments wind speed and documented (e.dRain et al. 1989 Mannheim et al.1995
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Braschkat et al1997 Vandre et al.1997 Génermontetal.  ods applied in the present study, having the advantage that
1998 Menzi et al, 1998 Misselbrook et al.2002 Huijs- analytics were either based on open path measurements or
mans et al.2003 Rochette et a/.2008 Sanz et a].2010. were applied with excess heating of all inner walls minimis-
The conditions at the Oensingen grassland revert back ting damping effects and including procedures for quantify-
a small, potentially bi-directional flux regime after about 5 ing the influence of the remaining wall interactions on the
days and even the canopy compensation point returns to prdlux. For both methods applied here, the analytical instru-
fertilisation levels after about 10 dayBléchard et a).2010. ments are relatively expensive and need a high level of main-
tenance in the field. Thus, an important future challenge will
be to establish either of the two methods with easier-to-use
5 Conclusions (and cheaper) analytical instruments. For the bLS method,
also point concentration measurements instead of open-path
Field scale NH emissions from slurry application were de- |ine measurements could be used. However, a high temporal
termined over a cropland and a grassland field by two differ-resolution (about 15 min or better) is necessary for properly
ent analytical approaches. For both methods, the respectivevaluating the temporal dynamics. Another important future
detailed footprint analysis in combination with the high time challenge will be the modelling of the observed course of
resolution of 10 min averages enabled to attribute the meafluxes with a mechanistic approach and to validate such a
sured fluxes and concentrations, respectively, to individuaimodel at differing site conditions.
slurry track emissions. In this way, the very important initial
period of emissions could be described in detail. Acknowledgements-or funding our work we gratefully thank the
The cumulated EC/HT-CIMS and (the two most plausible) Swiss National Science Foundation (TERMS, 200021-117686/1)
bLS/FTIR emissions agreed within 20 %, a difference typi- and the EU project NitroEurope (Contract 017841) that is funded
cal for NH; flux quantification. Both methods were further under the EC 6th Framework Programme for Research and
tested for Consistency with independent impinger Concentraj—echnological De.velopmer_n. As We”, the research Ieading to these
tion measurements. These analyses showed good agreem%ﬁ%“'ts has r(e[";‘s‘;‘/azdogéng(')”fg]"omd the [EUt] Se"e”tg E;,ié?;ework
: : P rogramme - under grant agreemen -
without TQ'yStmatIC deviations for the !EC/HT_CIMS resu|t§ GA-92008-220842]). The Swiss FederaIgOffice ?or the Environment
(uncertainty+8 %) but some systematic over- or underesti-

. . and the Swiss Federal Office for Agriculture have financially
mation for the bLS/FTIR results. Therefore we attribute thesupported the field experiment. We are very grateful to Kerstin

observed differences between the two flux methods mainlyzeyer and Lukas Emmenegger from the Swiss Federal Laboratories
to uncertainties of bLS/FTIR. The overall Nibss (EC/HT-  for Materials Science and Technology (EMPA) who provided the
CIMS) during the day of slurry spreading was quantified to in-field calibration device and the cavity ring-down spectroscopy
amount for 14.6 % of the applied TAN at the cropland and measurements. We would also like to thank the farmer Walter
18.0 % at the grassland with contributiond % loss of TAN Ingold for all his cooperation as well as Markus Jocher from our
on the subsequent day. group for his support.

Over two yearsSpirig et al.(2010 determined NH emis-
sions following slurry application at the Oensingen grass-
land field using wet chemical AiRRmonia instrumerisig-
man et al. 200]) in a gradient approach. They had to esti-
mate the initial phase’s (first one to four hours) field emis-
sions due to limited resolution of the instruments and the un-

teady. inh . diti iated .tﬁmmann, C., Brunner, A., Spirig, C., and Neftel, A.: Technical
steady, INNOMOJGENeous emission conditions associated With o \yater vapour concentration and flux measurements with

slurry spr_eading, concluding their overa_ll qux_ uncertainty PTR-MS, Atmos. Chem. Phys., 6, 4643—4684i;10.5194/acp-
was dominated by the vagueness of this period. The ap- 6.4643-20062006.

proaches and resulting emissions in the present study nowmmann, C., Spirig, C., Leifeld, J., and Neftel, A.: Assessment of
provide a clearer, less uncertain picture over the whole pe- the nitrogen and carbon budget of two managed temperate grass-
riod of field emissions yielding similar losses as described by land fields, Agr. Ecosyst. Environ., 133, 150-162, 2009.

Spirig et al.(2010. Over three years, seasonally distributed Aneja, V. P., Schlesinger, W. H., and Erisman, J. W.: Farming pol-
between April and October, the grassland field’s slurrysNH ~ lution, Nat. Geosci., 1, 409-411, 2008.

emissions have been quantified in total by means of four dif-Berden, G., Peeters, R., and Meijer, G.: Cavity ring-down spec-

ferent approaches. They kept persistently small in a range gﬁscorgﬁ EXpelr;mggtSa'6500;e_qgslggg/gi’zzcza;é%%?5'884%‘*‘;' in
between about 4 % and 19 % of the applied TAN. ys. Lhem., 13, S6o-0Ldor 19, 0

. 2000.
Generally, flux measurements on the field scale under reg;caer A Sutton. M. A. Acherman. B.. Alebic-Juretic. A.

alistic slurry spreading practice are only feasible with tech-  Apeja, v. P., Ellermann, T., Erisman, J. W., Fowler, D., Fagerli,
niques that provide a fast flux determination and can measure H., Gauger, T., Harlen, K. S., Hole, L. R., Horvath, L., Mi-
a large dynamic concentration range with sufficient accuracy. tosinkova, M., Smith, R. I., Tang, Y. S., and van Pul, A.: Link-
These requirements were particularly met with the two meth- ing Ammonia Emission Trends to Measured Concentrations and

Edited by: F. X. Meixner

References

Atmos. Meas. Tech., 4, 182184(Q 2011 www.atmos-meas-tech.net/4/1821/2011/


http://dx.doi.org/10.5194/acp-6-4643-2006
http://dx.doi.org/10.5194/acp-6-4643-2006
http://dx.doi.org/10.1080/014423500750040627

J. Sintermann et al.: Determination of field scale ammonia emissions 1837

Deposition of Reduced Nitrogen at Different Scales, in: Atmo-  537-556d0i:10.5194/bg-7-537-201@010.

spheric Ammonia — detecting emission changes and environmenFlechard, C. R., Nemitz, E., Smith, R. I., Fowler, D., Vermeulen, A.
tal impacts, edited by: Sutton, M. A., Reis, S., and Baker, S. T., Bleeker, A., Erisman, J. W., Simpson, D., Zhang, L., Tang,
M. H., 123-180, Springer, 2009. Y. S., and Sutton, M. A.: Dry deposition of reactive nitrogen to

Braschkat, J., Mannheim, T., and Marschner, H.: Estimation of am- European ecosystems: a comparison of inferential models across
monia losses after application of liquid cattle manure on grass- the NitroEurope network, Atmos. Chem. Phys., 11, 2703-2728,
land, Z. Pflanz. Bodenkunde, 160, 117-123, 1997. doi:10.5194/acp-11-2703-2012011.

Brodeur, J. J., Warland, J. S., Staebler, R. M., and Wagner+lesch, T. K., Wilson, J. D., and Yee, E.: Backward-time lagrangian
Riddle, C.: Technical note: Laboratory evaluation of a tun-  stochastic dispersion models and their application to estimate
able diode laser system for eddy covariance measurements gaseous emissions, J. Appl. Meteorol., 34, 1320-1332, 1995.
of ammonia flux, Agr. Forest Meteorol., 149, 385-391, Flesch, T. K., Wilson, J. D., Harper, L. A., Crenna, B. P,, and
doi:10.1016/j.agrformet.2008.08.00ZD09. Sharpe, R. R.: Deducing ground-to-air emissions from observed

Dabberdt, W. F.,, Lenschow, D. H., Horst, T. W., Zimmermann, P. R.,  trace gas concentrations: A field trial, J. Appl. Meteorol., 43,
Oncley, S. P., and Delany, A. C.: Atmosphere-surface exchange 487-502, 2004.
measurements, Science, 260, 1472-1481, 1993. Flesch, T. K., Wilson, J. D., Harper, L. A., and Crenna,

Denmead, O. T.: Approaches to measuring fluxes of methane and B. P.: Estimating gas emissions from a farm with an
nitrous oxide between landscapes and the atmosphere, Plant. inverse-dispersion technique, Atmos. Environ., 39, 4863-4874,
Soil, 309, 5-24¢0i:10.1007/s11104-008-95992008. doi:10.1016/j.atmosenv.2005.04.02D05.

Denmead, O. T., Simpson, J. R., and Freney, J. R.: Direct fieldFlesch, T. K., Wilson, J. D., Harper, L. A., Todd, R. W., and Cole,
measurement of ammonia emission after injection of anhydrous N. A.: Determining ammonia emissions from a cattle feedlot
ammonia, Soil Sci. Soc. Am. J., 41, 1001-1004, 1977. with an inverse dispersion technique, Agr. Forest Meteorol., 144,

Denmead, O. T., Chen, D., Turner, D., Li, Y., and Edis, R.: Mi- 139-155d0i:10.1016/j.agrformet.2007.02.008)07.
crometeorological measurements of ammonia emissions during-lesch, T. K., Harper, L. A., Powell, J. A., and Wilson, J. D.:
phases of the grazing rotation of irrigated dairy pastures, in: Inverse-dispersion calculation of ammonia emissions from Wis-
Proc. of Supersoil 2004: Program and Abstracts for the 3rd Aus- consin dairy farms, T. ASABE, 52, 253-265, 2009.
tralian New Zealand Soils Conference, 5-9 December 2004, Uni+oken, T. and Wichura, B.: Tools for quality assessment of surface-
versity of Sydney, Sidney, Australia, 2004. based flux measurements, Agr. Forest Meteorol., 78, 83-105,

EEA: EMEP/EEA emission inventory guidebook 2009, European  1996.

Environment Agency, Office for Official Publications of the Fowler, D. and Duyzer, J.: Micrometeorological techniques for the

European Communities, Luxembourbttp://www.eea.europa. measurement of trace gas-exchange, in: Exchange of trace gases
eu/publications/emep-eea-emission-inventory-guidebook-2009 between terrestrial ecosystems and the atmosphere, edited by:
20009. Andreae, M. O. and Schimel, D. S., vol. 47ldfe Sciences Re-

Erisman, J. W., Otjes, R., Hensen, A., Jongejan, P., van den Bulk, P., search Reportl89-207, John Wiley & Sons Itd, 1989.

Khlystov, A., Mols, H., and Slanina, S.: Instrument development Galloway, J. N., Aber, J. D., Erisman, J. W., Seitzinger, S. P.,
and application in studies and monitoring of ambient ammonia, Howarth, R. W., Cowling, E. B., and Cosby, B. J.: The nitro-
Atmos. Environ., 35, 1913-1922, 2001. gen cascade, BioScience, 53, 341-356, 2003.

Erisman, J. W., Bleeker, A., Galloway, J., and Sutton, M. S.: Re-Gao, Z., Desjardins, R. L., and Flesch, T. K.: Comparison of a sim-
duced nitrogen in ecology and the environment, Environ. Pollut., plified micrometeorological mass difference technique and an
150, 140-149d0i:10.1016/j.envpol.2007.06.033007. inverse dispersion technique for estimating methane emissions

Erisman, J. W., Bleeker, A., Hensen, A., and Vermeulen, A.: Agri- from small area sources, Agr. Forest Meteorol., 149, 891-898,
cultural air quality in Europe and the future perspectives, Atmos. doi:10.1016/j.agrformet.2008.11.00309a.

Environ., 42, 3209-3217d0i:10.1016/j.atmosenv.2007.04.004 Gao, Z., Mauder, M., Desjardins, R. L., Flesch, T. K., and
2008. van Haarlem, R. P.: Assessment of the backward Lagrangian

Erisman, J. W., Bleeker, A., Neftel, A., Aneja, V., Hutchings,  Stochastic dispersion technique for continuous measurements
N., Kinsella, L., Tang, Y. S., Webb, J., Sponar, M., Raes, of CH4 emissions, Agr. Forest Meteorol., 149, 1516-1523,
C., Mitosinkova, M., Vidic, S., Andersen, H. V., Klimont, Z., doi:10.1016/j.agrformet.2009.04.002009b.

Pinder, R., Baker, S., Reidy, B., Flechard, C., Horvath, L., Gao, Z., Desjardins, R. L., and Flesch, T. K. Assess-
Lewandowska, A., Gillespie, C., Wallasch, M., Gehrig, R., and ment of the uncertainty of using an inverse-dispersion tech-
Ellerman, T.: Detecting Change in Atmospheric Ammonia Fol- nique to measure methane emissions from animals in a
lowing Emission Changes, in: Atmospheric Ammonia — detect- barn and in a small pen, Atmos. Environ., 44, 3128-3134,
ing emission changes and environmental impacts, edited by: Sut- doi:10.1016/j.atmosenv.2010.05.02910.

ton, M. A, Reis, S., and Baker, S. M. H., 383-390, Springer, Gartner, A., Hirschberger, R., and Kotzian, F.: Estimation of diffuse
20009. ammonia emissions during and after slurry spreading, Gefahrst.

FAO, ISRIC, and ISSS: World reference base for soil resources, Reinhalt. L., 68, 149-155, 2008.

World soil resources reports, 84, Food and Agriculture Organi- GEnermont, S., Cellier, P., Flura, D., Morvan, T., and Laville, P.:
zation of the United Nations, Rome, 1998. Measuring ammonia fluxes after slurry spreading under actual

Flechard, C. R., Spirig, C., Neftel, A., and Ammann, C.: The annual field conditions, Atmos. Environ., 32, 279-284, 1998.
ammonia budget of fertilised cut grassland — Part 2: SeasonaHansel, A., Jordan, A., Holzinger, R., Prazeller, P., Vogel, W., and
variations and compensation point modeling, Biogeosciences, 7, Lindinger, W.: Proton-Transfer Reaction Mass-Spectrometry —

www.atmos-meas-tech.net/4/1821/2011/ Atmos. Meas. Tech., 4, 18202011


http://dx.doi.org/10.1016/j.agrformet.2008.08.009
http://dx.doi.org/10.1007/s11104-008-9599-z
http://www.eea.europa.eu/publications/emep-eea-emission-inventory-guidebook-2009
http://www.eea.europa.eu/publications/emep-eea-emission-inventory-guidebook-2009
http://dx.doi.org/10.1016/j.envpol.2007.06.033
http://dx.doi.org/10.1016/j.atmosenv.2007.04.004
http://dx.doi.org/10.5194/bg-7-537-2010
http://dx.doi.org/10.5194/acp-11-2703-2011
http://dx.doi.org/10.1016/j.atmosenv.2005.04.032
http://dx.doi.org/10.1016/j.agrformet.2007.02.006
http://dx.doi.org/10.1016/j.agrformet.2008.11.005
http://dx.doi.org/10.1016/j.agrformet.2009.04.004
http://dx.doi.org/10.1016/j.atmosenv.2010.05.032

1838 J. Sintermann et al.: Determination of field scale ammonia emissions

Online trace gas-analysis at the ppb level, Int. J. Mass Spectrom., pasture field and its effect on gradient flux measurements, Bio-
149, 609-619, 1995. geosciences, 6, 1295-13@fi:10.5194/bg-6-1295-2002009.

Heise, H. M., Miller, U., Gartner, A. G., and Hischer, N.: Im- Loubet, B., Gnermont, S., Ferrara, R., Bedos, G., Decuq, G., Per-
proved chemometric strategies for quantitative FTIR spectral sonne, E., Fanucci, O., Durand, B., Rana, G., and Cellier, P.: An
analysis and applications in atmospheric open-path monitoring, inverse model to estimate ammonia emissions from fields, Eur. J.
Field Anal. Chem. Tech., 5, 13-28, 2001. Soil Sci., 61, 793-80570i:10.1111/j.1365-2389.2010.01268.x

Hensen, A., Nemitz, E., Flynn, M. J., Blatter, A., Jones, S. K., 2010.

Srensen, L. L., Hensen, B., Pryor, S. C., Jensen, B., Otjes, R. PMannheim, T., Braschkat, J., and Marschner, H.: Measurement of
Cobussen, J., Loubet, B., Erisman, J. W., Gallagher, M. W., Nef- ammonia emission after liquid manure application: 1l. Compar-
tel, A., and Sutton, M. A.: Inter-comparison of ammonia fluxes  ison of the wind tunnel and the IHF method under field condi-
obtained using the Relaxed Eddy Accumulation technique, Bio- tions, Z. Pflanz. Bodenkunde, 158, 215-219, 1995.
geosciences, 6, 2575-25&Ri:10.5194/bg-6-2575-2002009. McBain, M. C. and Desjardins, R. L.: The evaluation of

Hirschberger, R.: Automotive emission analysis with spectroscopic a backward Lagrangian stochastic (bLS) model to estimate
techniques, in: Encyclopedia of Analytical Chemistry, edited by:  greenhouse gas emissions from agricultural sources using a
Meyers, R. A., 3, 1914-1936, John Wiley & Sons, Chichester, synthetic tracer source, Agr. Forest Meteorol., 135, 61-72,
2000. doi:10.1016/j.agrformet.2005.10.003)05.

Huijsmans, J. F. M., Hol, J. M. G., and Hendriks, M. M. W.: Ef- McGinn, S. M., Flesch, T. K., Crenna, B. P., Beauchernin, K. A.,
fect of application technique, manure characteristics, weather and Coates, T.: Quantifying ammonia emissions from a cattle
and field conditions on ammonia volatilization from manure ap- feedlot using a dispersion model, J. Environ. Qual., 36, 1585—
plied to grassland, Neth. J. Agr. Sci., 49, 323-342, 2001. 1590, 2007.

Huijsmans, J. F. M., Hol, J. M. G., and Vermeulen, G. D.: Menzi, H., Katz, P. E., Fahrni, M., Neftel, A., and Frick, R.: A
Effect of application method, manure characteristics, weather simple empirical model based on regression analysis to estimate
and field conditions on ammonia volatilization from manure  ammonia emissions after manure application, Atmos. Environ.,
applied to arable land, Atmos. Environ., 37, 3669-3680, 32,301-307, 1998.
doi:10.1016/S1352-2310(03)004502903. Milford, C., Theobald, M. R., Nemitz, E., Hargreaves, K. J., Hor-

Kljun, N., Kormann, R., Rotach, M. W., and Meixer, F. X.: Com- vath, L., Raso, J., Bmmgen, U., Neftel, A., Jones, S. K.,
parison of the Langrangian footprint model LPDM-B with an an- Hensen, A., Loubet, B., Cellier, P., and Sutton, M. A.: Ammo-
alytical footprint model, Bound.-Lay. Meteorol., 106, 349-355, nia fluxes in relation to cutting and fertilization of an intensively
2003. managed grassland derived from an inter-comparison of gradient

Kormann, R. and Meixner, F. X.: An analytical footprint model for measurements, Biogeosciences, 6, 819—-88i10.5194/bg-6-
non-neutral stratification, Bound.-Lay. Meteorol., 99, 207-224, 819-20092009.

2001. Misselbrook, T. H., Smith, K. A., Johnson, R. A., and Pain, B. F.:

Laubach, J.: Testing of a Lagrangian model of dispersion in the sur-  Slurry application techniques to reduce ammonia emissions: Re-
face layer with cattle methane emissions, Agr. Forest Meteorol., sults of some UK field-scale experiments, Biosyst. Eng., 81,
150, 1428-1442j0i:10.1016/j.agrformet.2010.07.00810. 313-321d0i:10.1006/bioe.2001.0012002.

Laubach, J. and Kelliher, F. M.: Measuring methane emis-Misselbrook, T. H., Nicholson, F. A., and Chambers, B. J.:
sion rates of a dairy cow herd (l): results from a backward- Predicting ammonia losses following the application of live-
Lagrangian stochastic model, Agr. Forest Meteorol., 129, 137— stock manure to land, Bioresource Technol., 96, 159-168,
150,doi:10.1016/j.agrformet.2004.12.0@005. doi:10.1016/j.biotech.2004.05.002005a.

Laubach, J., Kelliher, F. M., Knight, T. W., Clark, H., Molano, Misselbrook, T. H., Nicholson, F. A., Chambers, B. J., and
G., and Cavanagh, A.: Methane emissions from beef cattle — Johnson, R. A.: Measuring ammonia emissions from land
a comparison of paddock-and animal-scale measurements, Aust. applied manure: an intercomparison of commonly used
J. Exp. Agr., 48, 132-1310i:10.1071/EAQ72562008. samplers and techniques, Environ. Pollut.,, 135, 389-397,

Leuning, R., Freney, J. R., Denmead, O. T., and Simpson, J. R.: A doi:10.1016/j.envpol.2004.11.012005b.
sampler for measuring atmospheric ammonia flux, Atmos. Envi-Misselbrook, T. H., Scholefield, D., and Parkinson, R.: Us-
ron., 19, 1117-1124, 1985. ing time domain reflectometry to characterize cattle and pig

Lindinger, W., Hansel, A., and Jordan, A.: On-line monitoring of  slurry infiltration into soil, Soil Use Manage., 21, 167-172,
volatile organic compounds at pptv levels by means of proton- doi:10.1079/SUM200531&005c.
transfer-reaction mass spectrometry (PTR-MS) — Medical appli-Muller, U.: Entwicklung optimaler Mess- und Auswertestrate-
cations, food control and environmental research, Int. J. Mass gien fur die FTIR-spektrometrische Atmositenanalytik, vol.
Spectrom., 173, 191-241, 1998. 15/226 of Fortschritt-Berichte VD] VDI Verlag, Disseldorf,

Loh, Z., Chen, D., Bai, M., Naylor, T., Griffith, D., Hill, J., Den- 2000.
mead, T., McGinn, S., and Edis, R.: Measurement of green-Neftel, A., Spirig, C., and Ammann, C.: Application and test of a
house gas emissions from Australian feedlot beef production simple tool for operational footprint evaluations, Environ. Pol-
using open-path spectroscopy and atmospheric dispersion mod- lut., 152, 644—-652d0i:10.1016/j.envpol.2007.06.062008.
elling, Aust. J. Exp. Agr., 48, 244-24dpi:10.1071/EA07244  Nemitz, E., Dorsey, J. R., Flynn, M. J., Gallagher, M. W., Hensen,

2008. A., Erisman, J.-W., Owen, S. M.,&nmgen, U., and Sutton, M.
Loubet, B., Milford, C., Hensen, A., Daemmgen, U., Erisman, J.- A.: Aerosol fluxes and particle growth above managed grass-
W., Cellier, P., and Sutton, M. A.: Advection of NHover a land, Biogeosciences, 6, 1627-16419i:10.5194/bg-6-1627-

Atmos. Meas. Tech., 4, 182184(Q 2011 www.atmos-meas-tech.net/4/1821/2011/


http://dx.doi.org/10.5194/bg-6-2575-2009
http://dx.doi.org/10.1016/S1352-2310(03)00450-3
http://dx.doi.org/10.1016/j.agrformet.2010.07.006
http://dx.doi.org/10.1016/j.agrformet.2004.12.005
http://dx.doi.org/10.1071/EA07256
http://dx.doi.org/10.1071/EA07244
http://dx.doi.org/10.5194/bg-6-1295-2009
http://dx.doi.org/10.1111/j.1365-2389.2010.01268.x
http://dx.doi.org/10.1016/j.agrformet.2005.10.003
http://dx.doi.org/10.5194/bg-6-819-2009
http://dx.doi.org/10.5194/bg-6-819-2009
http://dx.doi.org/10.1006/bioe.2001.0017
http://dx.doi.org/10.1016/j.biotech.2004.05.004
http://dx.doi.org/10.1016/j.envpol.2004.11.012
http://dx.doi.org/10.1079/SUM2005316
http://dx.doi.org/10.1016/j.envpol.2007.06.062
http://dx.doi.org/10.5194/bg-6-1627-2009

J. Sintermann et al.: Determination of field scale ammonia emissions 1839

2009 2009. temperature on ammonia loss from surface-applied cattle slurry,

Norman, M., Hansel, A., and Wisthaler, A.: O2+ as reagention in  J. Environ. Qual., 20, 679-683, 1991.
the PTR-MS instrument: Detection of gas-phase ammonia, Int. JSommer, S. G. and Sherlock, R. R.: pH and buffer component dy-
Mass Spectrom., 265, 382—3814i:10.1016/j.ijms.2007.06.010 namics in the surface layers of animal slurries, J. Agr. Sci., 127,
2007. 109-116, 1996.

Norman, M., Spirig, C., Wolff, V., Trebs, |., Flechard, C., Wisthaler, Sommer, S. G., Olesen, J. E., and Christensen, B. T.: Effects of
A., Schnitzhofer, R., Hansel, A., and Neftel, A.: Intercomparison  temperature, wind speed and air humidity on ammonia volatiliza-
of ammonia measurement techniques at an intensively managed tion from surface applied cattle slurry, J. Agr. Sci., 117, 91-100,
grassland site (Oensingen, Switzerland), Atmos. Chem. Phys., 9, 1991.
2635-2645¢0i:10.5194/acp-9-2635-2002009 Sommer, S. G., €nermont, S., Cellier, P., Hutchings, N. J., Olesen,

Pain, B. F., Phillips, V. R., Clarkson, C. R., and Klarenbeek, J. V.:  J. E., and Morvan, T.: Processes controlling ammonia emission
Loss of nitrogen through ammonia volatilization during and fol-  from livestock slurry in the field, Eur. J. Agron., 19, 465-486,
lowing the application of pig or cattle slurry to grassland, J. Sci.  doi:10.1016/S1161-0301(03)000372003.

Food Agr., 47, 1-12, 1989. Sommer, S. G., McGinn, S. M., and Flesch, T. K.: Simple use of the

Parrish, D. D. and Fehsenfeld, F. C.: Methods for gas-phase mea- backwards Lagrangian stochastic dispersion technique for mea-
surements of ozone, ozone precursors and aerosol precursors, At- suring ammonia emission from small field-plots, Eur. J. Agron.,

mos. Environ., 34, 1921-1957, 2000. 23,1-7,d0i:10.1016/j.eja.2004.09.002005.
Reidy, B., Ammgen, U., Bhler, H., Eurich-Menden, B., van Ev- Sommer, S. G., Jensen, L. S., Clausen, S. B., and Sggaard, H. T.:
ert, F. K., Hutchings, N. J., Luesink, H. H., Menzi, H., Missel- Ammonia volatilization from surface-applied livestock slurry

brook, T. H., Monteny, G. J., and Webb, J.: Comparison of mod- as affected by slurry composition and slurry infiltration depth,
els used for national agricultural ammonia emission inventories J. Agr. Sci., 144, 229-235]0i:10.1017/S0021859606006Q22
in Europe: Liquid manure systems, Atmos. Environ., 42, 3452—  2006.

3464,d0i:10.1016/j.atmosenv.2007.04.0@908a. Spirig, C., Flechard, C. R., Ammann, C., and Neftel, A.: The annual

Reidy, B., Rhim, B., and Menzi, H.: A new Swiss in- ammonia budget of fertilised cut grassland — Part 1: Micromete-
ventory of ammonia emissions from agriculture based on orological flux measurements and emissions after slurry applica-
a survey on farm and manure management and farm- tion, Biogeosciences, 7, 521-53#0i:10.5194/bg-7-521-2010
specific model calculations, Atmos. Environ., 42, 3266-3276, 2010.
doi:10.1016/j.atmosenv.2007.04.02008b. Sutton, M. A., Fowler, D., and Moncrieff, J. B.: The exchange of

Reis, S., Pinder, R. W., Zhang, M., Lijie, G., and Sutton, M.  atmospheric ammonia with vegetated surfaces, 1., Unfertilized
A.: Reactive nitrogen in atmospheric emission inventories, At-  vegetation, Q. J. Roy. Meteorol. Soc., 119, 1023-1045, 1993.
mos. Chem. Phys., 9, 7657-76@0j:10.5194/acp-9-7657-2009  Sutton, M. A., Nemitz, E., Milford, C., Fowler, D., Moreno, J.,
2009. Jose, R. S., Wyers, G. P., Otjes, R. P., Harrison, R., Husted, S.,

Rochette, P., Guilmette, D., Chantigny, M. H., Angers, D. A., Mac- and Schjoerring, J. K.: Micrometeorological measurements of
Donald, J. D., Bertrand, N., Parent, L. E., Cote, D., and Gasser, net ammonia fluxes over oilseed rape during two vegetation pe-
M. O.: Ammonia volatilization following application of pig riods, Agr. Forest Meteorol., 105, 351-369, 2000.
slurry increases with slurry interception by grass foliage, Can.Sutton, M. A., Nemitz, E., Milford, C., Campbell, C., Erisman, J.
J. Soil Sci., 88, 585-593, 2008. W., Hensen, A,, Cellier, P., David, M., Loubet, B., Personne, E.,

Sanz, A., Misselbrook, T., Sanz, M. J., and Vallejo, A.: Use of Schjoerring, J. K., Mattsson, M., Dorsey, J. R., Gallagher, M. W.,
an inverse dispersion technique for estimating ammonia emis- Horvath, L., Weidinger, T., Meszaros, R.aBmgen, U., Neftel,
sion from surface-applied slurry, Atmos. Environ., 44, 999-1002, A., Herrmann, B., Lehman, B. E., Flechard, C., and Burkhardt,
doi:10.1016/j.atmosenv.2009.08.024010. J.: Dynamics of ammonia exchange with cut grassland: synthesis

Schmid, H. P.: Footprint modeling for vegetation atmosphere ex- of results and conclusions of the GRAMINAE Integrated Exper-
change studies: a review and perspective, Agr. Forest Meteorol., iment, Biogeosciences, 6, 2907-293#i:10.5194/bg-6-2907-
113, 159-183, 2002. 2009 2009.

Sintermann, J., Spirig, C., Jordan, A., Kuhn, U., Ammann, C., andThorman, R. E., Hansen, M. N., Misselbrook, T. H., and Sommer,
Neftel, A.: Eddy covariance flux measurements of ammonia by S. G.: Algorithm for estimating the crop height effect on ammo-
high temperature chemical ionisation mass spectrometry, Atmos. nia emission from slurry applied to cereal fields and grassland,
Meas. Tech., 4, 599-616pi:10.5194/amt-4-599-2012011. Agron. Sustain. Dev., 28, 373-3780i:10.1051/agro:2008013

Sggaard, H. T., Sommer, S. G., Hutchings, N. J., Huijsmans, J. 2008.

F. M., Bussink, D. W., and Nicholson, F.: Ammonia volatiliza- Tuzson, B., Hiller, R. V., Zeyer, K., Eugster, W., Neftel, A., Am-
tion from field-applied animal slurry — the ALFAM model, At- mann, C., and Emmenegger, L.: Field intercomparison of two
mos. Environ., 36, 3309-3319, 2002. optical analyzers for Cldeddy covariance flux measurements,

Sommer, S. G. and Hutchings, N. J.: Ammonia emission from field Atmos. Meas. Tech., 3, 1519-153d0i:10.5194/amt-3-1519-
applied manure and its reduction — invited paper, Eur. J. Agron., 201Q 2010.

15, 1-15, 2001. Uusi-Kampp, J. and Mattila, P. K.: Nitrogen losses from grass ley

Sommer, S. G. and Jacobsen, O. H.: Infiltration of slurry liquid  after slurry application — surface broadcasting vs. injection, Agr.
and volatilization of ammonia from surface applied pig slurry as  Food Sci., 19, 327-340, 2010.
affected by soil water content, J. Agr. Sci., 132, 297-303, 1999. van Haarlem, R. P., Desjardins, R. L., Gao, Z., Crenna, T. K., and

Sommer, S. G. and Olesen, J. E.: Effects of dry-matter content and Li, X.: Methane and ammonia emissions from a beef feedlot in

www.atmos-meas-tech.net/4/1821/2011/ Atmos. Meas. Tech., 4, 18202011


http://dx.doi.org/10.5194/bg-6-1627-2009
http://dx.doi.org/10.1016/j.ijms.2007.06.010
http://dx.doi.org/10.5194/acp-9-2635-2009
http://dx.doi.org/10.1016/j.atmosenv.2007.04.009
http://dx.doi.org/10.1016/j.atmosenv.2007.04.036
http://dx.doi.org/10.5194/acp-9-7657-2009
http://dx.doi.org/10.1016/j.atmosenv.2009.08.044
http://dx.doi.org/10.5194/amt-4-599-2011
http://dx.doi.org/10.1016/S1161-0301(03)00037-6
http://dx.doi.org/10.1016/j.eja.2004.09.001
http://dx.doi.org/10.1017/S0021859606006022
http://dx.doi.org/10.5194/bg-7-521-2010
http://dx.doi.org/10.5194/bg-6-2907-2009
http://dx.doi.org/10.5194/bg-6-2907-2009
http://dx.doi.org/10.1051/agro:2008013
http://dx.doi.org/10.5194/amt-3-1519-2010
http://dx.doi.org/10.5194/amt-3-1519-2010

1840 J. Sintermann et al.: Determination of field scale ammonia emissions

western Canada for a twelve-day period in the fall, Can. J. Anim.Whitehead, J. D., Twigg, M., Famulari, D., Nemitz, E., Sutton,
Sci., 88, 641-649, 2008. M. A., Gallagher, M. W., and Fowler, D.: Evaluation of laser ab-

Vandre, R. and Clemens, J.: Studies on the relationship between sorption spectroscopic techniques for eddy covariance flux mea-
slurry pH, volatilization processes and the influence of acidifying  surements of ammonia, Environ. Sci. Technol., 42, 2041-2046,
additives, Nutr. Cycl. Agroecosys., 47, 157-165, 1997. doi:10.1021/es071596@008.

Vandre, R., Clemens, J., Goldbach, H., and Kaupenjohann, M.Wolff, V., Trebs, I., Ammann, C., and Meixner, F. X.: Aerody-
NH3 and N20O emissions after landspreading of slurry as in- namic gradient measurements of the NHNO3-NH4NOg3 triad
fluenced by application technique and dry matter-reduction, 1., using a wet chemical instrument: an analysis of precision re-
NH3 emissions, Z. Pflanz. Bodenkunde, 160, 303-307, 1997. quirements and flux errors, Atmos. Meas. Tech., 3, 187-208,

von Bobrutzki, K., Braban, C. F., Famulari, D., Jones, S. K., Black-  doi:10.5194/amt-3-187-201Q2010.
all, T., Smith, T. E. L., Blom, M., Coe, H., Gallagher, M., Gha- Zhang, Y., Wu, S., Krishnan, S., Wang, K., Queen, A., Aneja, V. P.,
laieny, M., McGillen, M. R., Percival, C. J., Whitehead, J. D., EI- and Arya, S. P.: Modeling agricultural air quality: Current status,
lis, R., Murphy, J., Mohacsi, A., Pogany, A., Junninen, H., Ranta- major challenges, and outlook, Atmos. Environ., 42, 3218-3237,
nen, S., Sutton, M. A., and Nemitz, E.: Field inter-comparison of ~ doi:10.1016/j.atmosenv.2007.01.0@808.
eleven atmospheric ammonia measurement techniques, Atmos.

Meas. Tech., 3, 91-118i:10.5194/amt-3-91-201@010.

Atmos. Meas. Tech., 4, 182184(Q 2011 www.atmos-meas-tech.net/4/1821/2011/


http://dx.doi.org/10.5194/amt-3-91-2010
http://dx.doi.org/10.1021/es071596u
http://dx.doi.org/10.5194/amt-3-187-2010
http://dx.doi.org/10.1016/j.atmosenv.2007.01.063

